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FROM60TO 1~ PERCENTOFDESIGN

By GeorgeK. Serovy,WillismH.Robbins,andFrederickW. Glaser

An inlet-typeaxial-flowcompressorrotorhavinga hub-tipdiameter
ratioof0.4attherotorleadingedgewasdesigned>fabricated,and
experimentallyinvestigated.Therotorwasdesignedforan axialinlet
Machnumberof0.6,a tipspeedof1000feetpersecond,anda total-
pressureratioof1.35.Thesevaluesresultedina designspecific
weightflowof 34.9poundspersecondpersquarefootfrontalarea(with
noallowanceforinletboundary-layerblockage)anda maximumrotorrela-
tiveinletMachnumberof 1.10.

At designcorrected.tipspeed(1000ft/see)andthedesigntotal-
pressureratioof 1.35,a correctedspecificweightflowof 34.3pounds
persecondpersquarefootfrontalareawasmeasuredwithanadiabatic
efficiencyof0.88. Peakefficienciesat speedslowerthandesignwere
above0.95. Theinletboundary-layerblockagefactorwasfoundtobe
0.98.WhentheidealdesignflowwasadJustedforblockage,calculated
andmeasureddesignconditions(pressureratioandefficiency)werein
goodagreement.

Theresultsoftheinvestigationindicatedthatstageshatinginlet
hub-tipratiosaslowas0.4canbe designedwithinlmownpracticalaero-
@2smicspecificationsto producesatisfactoryvaluesof stagepressure
ratioandefficiencyathighspecificweightflows.

INTRODUCTION

Foraircraftpropulsionathighflightspeeds,turbojetengines
havingminimumcomponentdimensionsmustbe developedto obtaina low
ratioofweightto thrust.Multistageaxial-flowcompressorsforthese
enginesshouldbe designedforthehighestpracticalvaluesof stage
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pressureratioandweightflowperunitfrontalarea(specificweight
flow)becauseanyincreasesinthevaluesoftheseparameterswillbe .
reflectedinreducedcompressorweightandover-alldimensions.There
aretwomethodsof increasingthespecificweightflow- eitherthecom-
pressorinletaxialvelocitycanbe increasedorthehub-tipdiameter
ratiocanbe decreased.Inrecentexperimentalinvestigationsof inlet-
typeaxial-flowcompressorstageswithhub-tipdismeterratiosofapproxi-
mately0.50,considerableimprovementsinstagepressureratioandweight
flowperunitfrontalareawereobtainedwithoutsacrificingstageeffi-
ciencyby increasingthedesignvaluesof axialinletMachnumberandby .&

increasingtheallowablevaluesofrotorrelativeinletMachnumber(refs. R
1 and2).

Theprx purposeofthepresentinvestigationwasto determine
theeffectofreducingthehub-tipratioto a valueof0.4on theper-
formanceofa rotordesignedwithaxialMachnumber,relativeinletMach
number,andbladeloadingsimilartothosereportedinreference1.
Accordingto references1 and2,no adverseeffectsonefficiencyshould
be expected.

.
Thedegreeofdesigncontrolwhichcouldbemaintatiedwasalsoin-

vestigated.A compressorwitha tipdiameterof 14 incheswasdesigned
.

toproducea pressureratioof 1.35ata correctedtip.speedof 1000feet -
persecondwithno inletguidevanesandanaxialinletMachnuniberof
0.6. Thesevaluesgavea correctedspecificweightflowof 34.9pounds
persecondpersquarefootfrontalareawithoutcorrectionfor%oundary-
layerblockageintheinlet.

Therotorofthisstagewasinstalledandtestedin a variable-
componentaxial-flowcompressorattheNACALewislaboratory.Thedesign
procedureusedandtheover-allperformanceofthisrotorarediscussed.

RCM!ORDESIGN

Therewere,of course,twophasesof.therotordesign,thecalcula-
tionofthevelocitydiagramsfromprescribedspecifications(suchas
pressureratioandmassflow)andtheselectionofbladingto establish
thevelocitydiagrams.Sincetheoriginalpurposeofthisdesignwasto
investigatetheperformanceofa lowhub-tipratiorotor,considerable
carewastakeninboththevelocitydiagramcalculationsandbladeselec-
tionto ensuregoodperformancebarringanyunknownadverseeffectsof
lowhub-tipratioturbomachines.Thevelocitydiagramcomponentswere
setat valuesknowntobe practicable.

9

.



NACARME53111 &ll
~w

Velocitydiagramcalculations.- Beforethevelocitydiagram
culationwasbegun,threelimitswereprescribedasfollows:

3

cal-

1.ThedesigndMfusionfactorD (completelydescribedinref.3
anddefinedintheappentixherein)attherotortipwasnotto exceed
a valueof0.40.

2.Therotor
valueof 1.10.

3.Therotor
exceeda valueof

It shouldbe

inletrelativetipMachnumberwasnotto exceeda

exit(statorentrance)absoluteMachnumberwasnotto
0.80.
emphasizedthatthesevalues,particularlythoseassoci-

atedwithMachnumbers,donotnecessarilyrepresentabsolutedesignlimits
butrathersreprovenvsluescommensuratewithgoodstageperformance,as

t! damnstratedinreferences1 and2. As inreference1,no guidevanes
~ wereutillzedin conjunctionwiththisrotor.A correctedtipspeedof

1000feetpersecondandradiallyconstant@al inletMachnuniberof0.60
y. wereselected.ThemaximumrelativeinletMachnumberwastherefore1.10
Q3 atthetipandtherelativeinletairanglevariedfrom31.7°atthehub

to 57.1°atthetip. Thesevaluesresultedina correctedspecificweight.
flowof 34.9poundspersecondpersquarefootfrontalarea,withno allow-
anceforblockagedueto inletboundarylayer.A constantenergyaddition
atall.radii(vortex-type)throughtherotorwasutilized,andsimple
radialequilibriumof staticpressureswasassumedto givea constantaxial
velocityat therotoroutlet.Witha maximumdiffusionfactorof0.40
anda maximumabsoluteexitMachnumberof0.80,therotorenergyaddi-
tionwasdeterminedtoproducea total-~ressureratioof 1.35withan
assumedefficiencyof0.90atallradii.Thisdesignwasthusconsidered
toprovidea reasonablebalancebetweendiffusionfactorandstatorinlet
(rotor~utlet)Machnuriber.Computeddensityandvelocityvaluesforthe
rotoroutletwereusedto setthehubradiustomaintaintheaxialveloc-
ityleavingtherotorequaltothatenteringtherotor.Thenan esti-
mated3 percentincreaseinthecalculatedrotoroutletareawasmadeto
correctforwallboundarylayers.Therotoroutlethti-tipdiameter
ratioobtainedaccordinglywas0.521.Computedvelocitydiagramvalues
forassumedstreamsurfacespassingthroughradiicorrespondingto 0,
25,50,75,and100percentofthepassageheightat therotorinletand
outletareshowninfigure1.

Bladedesign.- Thebladeprofilesusedweremadeupof circulararcs
ofdifferentradiiforthesuctionandpressuresurfacesandwerelaidout
alongtheassumedstreamsurfaces.Onthebasisofexperienceandrefer-
ences1 and2,anincidenceangleof 3°wasselectedforallbladesections. atthedesigninletMachnumber.Thebladecsmiberanglerequiredtoobtain
thedesiredturning,wasdeterminedfrompreliminarydeviationangledata

.
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basedontheinvestigationsofreferences1 and2. Thedesigndeviation
anglesthusdeterminedaregivenin figure2. A straightlinevariation .
ofmaximumbladethicknessfrom5 percentofthechordlengthatthetip
to 8 percentofthechordlengthatthehubwasused. Thisthickness
distribution,witha 2-inchchordlength,andtherequiredblade
angleswereusedto calculatetfieradiiofthe
bladesuctionandpressure,surfaces.Leading-
were0.010inchat allsections.A SWllIIE.ryof
bladingisgiveninfigure2,anda photograph
bladlngastestedisshownin figure3.

circuiararcsfor
andtrailing-edge
thedesignvalues
oftherotordisk

COMPRESSORINSTALLATION

A schematicdiagramofthecompressorinstallationisshown

camber
the
radii
forthe
and

infig-
ure4. Atmosphericairwasdrawnthrougl,athin-plateinletorifice,
anorificetank,andanair-operatedbutterflyvalveintoa 72-inch-
diameterinlettank.A seriesof screensandlayersof filterpaperwas
installedapproximately60inchesupstresmofthecompressorinletbell-
mouthtoprovidea smoothanduniformflowattheinlet.Airleavingthe
compressorenteredanannularcollectorandpassedthroughtwooutlet”
pipesspaced180°apartintothelaboratoryaltitude-exhaustsystem.An
electricallyoperatedgatevalveintheoutletpipingwasusedwiththe
inletvalveto controlthecompressorweightflowandinletpressure.

Powerforthecompressorwassuppliedbya 1500horsepower,3587rpm
inductionmotorthrougha speed-increasinggearboxwitha speedratioof
9.793*Compressorspeedwascontrolledbyvaryingthefrequencyofthe
“alternatingcurrentsuppliedtothemotor.

—

●

-

.

—

INSTRUMENTATION —

Airweightflowthroughthecompressorwasdeterminedwitha thin-
plateinletorifice.Orificeairtemperaturewasmeasuredlyfouriron-
constantanthermocouples,andtheorificepressure&ropwasindicated-by
a micromanometerin inchesofwater.

Inlettanktemperatureandpressureweremeasuredapproximately21
inchesupstreamofthecompressorinletbellmouthbyfiveiron-constantan
thermocoupleprobesandfivewallstatic-pressuretapsspacedaroundthe
tankcircumference(station0,fig.4). Len@hsof thethernmcouple
probeswerevariedsothatmeasurementsweremadeatthecentersof equal
annularareas.Measuredvaluesoftemperatureandpressurewereassumed
equalto stagnationconditionsforcalculationof compressorperformance.– – =

. ““

.
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Rotorinletconditionsweremeasuredat station1, about1/2inch
. upstreamoftherotorleadingedge.Fromdetailedradialsurveysof

flowangle,totalpressures,andstaticpressures,weightflowwascalc-
ulatedto checktheorificemeasurement.Valuesagreedwithin2 per-
cent.

At thecompressoroutletmeasuringstation(station2),a~proximately
4 inchesdownstreamfromtherotortrailingedge,total-pressureand
total-temperaturemeasurementsweremadeat radialstationslocatedat 10,
30,50,70,and90percentofthepassageheightfromtheouterwall.
Threetemperatureprobesandthreetotal-pressureprobeswerespaced
aroundthecompressor.Static-pressuretapswerelocatedontheouter
andinnerwalls.A pictureofthesurveyinstrumentationis shownin
figure5.

Alltemperatureswerereadwitha calibratedself-balancingpotenti-
ometerandpressuresweremeasuredin inchesof acetylenetetrabromide.
Compressorspeedwasindicatedby a cbronometrictachometer.

● A magnetic-typebladetibrationpickupwasmountedinthecompressor
casingneartherotor-blade
a qualitativeindicationof

Datapointsweretaken

leadingedge. Thispickupwasusedto give
thepresenceofblade-tiptibration.

PROCELURE

at correctedtipspeedsof 600,700,8009900j
and1000feetpersecond.At eachspeedth=i;letpressurewas-maintained
at 25inchesofmercuryabsolute,andtheweightflowwasvariedfromthe
maximumobtainableto a valuewherebladevibrationwasencountered.This
procedurewasadoptedto assuretheobtainingof dataoverthecomplete
speedrangeinthevibration-freeregion.Obtainingdataat lowerflow
rateswasdeferredto subsequentinvestigations.Over-allrotortotal-
pressureratiowascalculatedastheratioofthearithmeticallyaveraged
compressoroutlettotalpressuretotheinlettankpressure.Thisvalue
wasusedwitharithmeticallyaveragedinlet-tankandcompressor-outlet
totaltemperaturesto determinetherotoradiabaticefficiency.The
equtionusedwas

,ad:o[gy -l]

T2 - To

.
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Thismethodof evaluatingcompressorperformancedoesnotcompletelycon-
sidertheflowphenomenonneartherotorbladeendregions(hubandtip). “
Therefore,it isexpectedthattheperformanceratedonthebasisofa.
mass-weightedintegratedaveragepressureratioandefficiencybasedon
measurementsthroughoutthewallboundarylayersaswellas inthefree
streamwouldbe somewhatdifferent.

RESULTS

Over-allrotorperformance.
anteofthe0.4hub-tipdiameter
atthecompressoroutlet.

At thedesigncorrectedtip
total-pressureratioof 1.35was

ANDDISCUSSION
G

- Figure6 showstheover-allperform- 8
ratiorotordeterminedfrommeasurements —

syeedof1000feetpersecondthedesign
measuredata correctedspecificweight

flowof 34.3poundspersecondpersquarefootfrontalsreaandanadia-
baticefficiencyof0.88. Thepeakefficiencyatdesignspeedwas0.92
at a correctedspecificweixt flowof 31.5poundspersecondpersquare
footwitha total-pressureratioof1.40.Maximumcorrectedspecific ~
weightflowat designspeedwas35.2poundspersecondpersquarefoot.
Peakefficienciesattipspeedslowerthandesignvariedbetween0.95 .. ...--
and0.98. .

Performanceat eachspeedwaslimitedtoweightflowsabovethose
atwhichbladevibrationwasdetected.Althoughthemagnitudesofthe
stressesaccompanyingthevibrationwerebelievedtobe small,a decision
wasmadenotto investigatetheperformanceinthevibrationregions
untildetailedblade-elementdatawereobtainedfortherotor.However,
theweightflowoperatingrangesat eachspeedreportedhereincompared
favorablywiththoseshowninreferences1 and2.

Thedatafromradialsurveysatthecompressorinletwereutilized
to evaluatetheeffectiveflowareareductionduetotheinletwall
boundarylayer.Theboundary-layerblockagefactor,whichisdefinedas
theratiooftheactualcompressorweightflowtotheidealannulusweight
flow W~Wi orthephysicalannularareadividedby theeffectivearea,
wasfoundtohavea valueof0.98. Thiscalculationindicatedthatthe
(ideal)designspecificweightflowwaseffectivelyreduced2 percentto
a valueof 34.2poundspersecondpersquarefootfrontalsrea. At a
weightflowof 34.2poundspersecondpersquarefoot,thedesignand
measuredvaluesofpressureratioandefficiencywerein verycloseagree-
ment.

,

—
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SUMMARYOFRESULTS.

Thefollowingperformanceresultswereobtainedin a 0.4hub-tip
dismeterratioaxial-flowcompressorrotor:

1.At thedesigncorrectedtipsyeedof l.o~feetpersecond,the
designtotal-pressureratioof 1.35wasmeasuredat a correctedspecific
weightflowof 34.3poundspersecondpersquarefootfrontalareawith
anadiabaticefficiencyof0.88. Thepeakefficiencyat designspeed
was0.92ata correctedspecificweightflowof 31.5poundspersecond
persquarefootfrontalareawitha total-pressureratioof 1.40.The
maximmcorrectedspecificweightflowat designspeedwas35.2pounds
persecondpersquarefoot. Peakefficienciesattopspeedslowerthan
designvariedbetween0.95andO.98.

2.Surveysattheinletgavetheinletboundary-layerblockagefactor
tobe 0.98.Whentheidealdesignflowwasadjustedforblockage,cal-
culatedandmeasureddesignconditions(pressureratioandefficiency)
wereingoodagreement.

4

CONCIIJSION.

Theresultsoftheinvestigationindicatedthatstageshavinginlet
hub-tipratiosas lowas0.4canbe designedwithinknownpracticalaero-
dynamicspecificationstoproducesatisfactoryvaluesof stagepressure
ratioandefficiencyathighspecificweightflows.

LewisFMght PropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,September9, 1953
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APPENDIX- SYMBOLS

Thefollowingsymbolsareusedinthisreport:

area,sqft

bladechord,in.

[( )V2’
diffusionfactor,D = 1 - ~ + ‘e,2- ‘9>1

1 2av~l 1

NACARME53111 .

.

.—

dimensionlessaxialvelocity,ratioof axialvelocitytotipspeed,
Vx/ut

.-

incidenceangle,deg

totalpressure,lb/sqft A

radius,ft

totaltemperature,OR

maximumbladesectionthickness,ft

wheelspeed,ft/sec

velocity,ft/sec

weightflow,lb/see

—

ratiooftangentialvelocitytotipspeed,Ve/Ut

ratioof changeintangentialvelocitytotipspeed

radiusratio,r/rt

airangle(measuredfromaxialdirection),deg

ratioof specificheats,1.40

ratioofinlettanktotalpressureto standardNACAsea-level
pressure,PO/2116

— ——
.

deviationangle,deg

.
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~ad adiabaticefficiency-

o ratioofinlettanktotaltemperatureto standardNACAsea-level
temperature,TO/518.6

u solidity,ratioofbladechordtobladespacing

v csmberangle,deg

P bladesettingangle,deg

Subscripts:

o

1

2

* a

f.

i

m

P

s

t

x

e

inlettank

rotorinlet

rotoroutlet

actual

frontal

ideal

mean

pressuresurface

suctionsurface

tip

sxialdirection

tangentialdirection

9

Superscript:

! relativetorotor
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Vi/Ut

t--y+ —X2+
Directionofrotation,
Ut,1000ft/sec

Inletconditions

2ercentq Z2 hl=h~7=X2
passage
height
Tip1001.001.000.6470.31-1

75 .%5 .88 .647 .353
Mean50 .70 .77 .647 .404

25 .55 .65 .647 .479
Hub O .40 .53 .647 .590

1.191
1.068
.953
.843
.760

0.945
.834
.743
.671
.650

0.718
.736
.762
.806
.878L57.146.852.739.4

47.328.9
40.415.1
31.7-4.2

Figure1. - Designrotorvelocitydiagramcomputedfor
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w
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Assumedstreamsurfaces
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NACARM E53111

Bladegeametry

Designvalues

PeroentStream Z1 Z2 ~-j p;
passagesurfaoe
height
100 A-A 1.001.00057.146.8
75 B-B .85 .88452.739.4
50 c-c .70 .76747.328.9
25 D-D .55 .65140.415.1
0 E-E .40 .53431.7-4.2

4.414.7 7.817.05751.050
7.122.5 5,3.26.06501.243
8.430.7 3.778.07251.527
9,242.1 2.784 .08001.990

.

g

#

.

--

Inofdenoeangle,3,0°
IWunberof blades,20 -
Bladechord,2.0in.

Figure2. -Rotorbladedesignvaluesandgeometry.

*

.



NACARM E53111 13

Figure3. - 0.4hub-tipdiametermtio rotor.
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Depressiontank

I

/\

stattons

/\

(b)Erihrgedviewofrotorpassage.

Figure4. -Conoludea. Schematicdiagramofcompressorinstallation.
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1.5
I I
Corrected
‘@ B eed,

7ft oeo

1.4 600
; 700
v 800
A 900
v 1000

1.3

1.2

❑ n

c~ ~

1.1 -

1.0
16 18 20 22

Correctedspwlfio weightflew,W@/6~, lb/sec-sqI%

Fl~e 6. - Over-allpwfornmnoe of 0.4 hub-tip diameterratio motor.


